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We examine the transitions in ﬂow regime which can occur in naturally ventilated thermally massive
buildings subject to changes in the wind and buoyancy forcing. For a range of heat loads there are both
wind-dominated and buoyancy-dominated ﬂow regimes. However, outside this range, only the steady
state wind-dominated or buoyancy-dominated ﬂow can develop. As a result of this non-linearity, and the
different timescales for the evolution of the air and of the thermal mass, the transient evolution of the
system caused by changes in either the heat load or the wind forcing can be complex. We develop
a simpliﬁed model to identify the inﬂuence of the thermal mass on transitions in ﬂow regime caused by
changes in heat load or wind forcing. We show that the interior air responds rapidly to changes in the
forcing, and as a result, the thermal mass can then act as a slowly evolving heat source or heat sink. In
some situations this can lead to temporary buffering of the interior temperature, followed by a second,
rapid transition in the interior temperature and ventilation regime as the system adjusts to the new
steady state.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
The presence of material with high heat capacity within the
insulated envelope of a building can be very effective in buffering
the interior temperature from variations in the exterior tempera-
ture. Several theoretical models have examined the effect of
thermal mass in attenuating the diurnal variations of the exterior
temperature, within a ventilated enclosed space [11]. Approximate
expressions have been derived for both the attenuation and the
phase lag as a function of the ventilation rate, the rate of heat
exchange between the thermal mass and the air, and the mass of
material within the space [12,4]. In their analysis Yam et al assumed
that there was a ﬁxed ventilation rate, while Holford andWoods [4]
modelled the interaction between buoyancy-dominated ventila-
tion and thermal mass over a diurnal cycle. In many buildings, this
phase lag is of comparable timescale to the timescale of the diurnal
forcing of either the heat load or the wind.
However, natural ventilation ﬂows are often inﬂuenced by both
wind and buoyancy forcing, leading to a non-linear convecting
system. This can lead to a buoyancy-dominated and a wind-
dominated ﬂow regime under the same forcing [2,3,5-7,9]. Yuan
and Glicksman [13] showed that an instantaneous change in the
heat load or wind forcing can lead to transitions between thex: þ44 01223 765701.
).
All rights reserved.wind-dominated and buoyancy-dominated ﬂow regimes. They also
identiﬁed that if the forcing returned to the original value after
a relatively short time, then the ﬂow returns to the original regime,
whereas for longer lived ﬂuctuations in the forcing, the ﬂow may
undergo an irreversible transition in regime. In their modelling, it
was assumed that the thermal mass was in equilibrium with the
interior air, and so the timescale for evolution of the net thermal
mass of the building determined whether any transitions occurred.
Lishman andWoods [10] considered the transient adjustment of
the ventilation ﬂow in a lightweight building which results from
more gradual changes in the heating load or the wind speed. Firstly
they established that if the ﬂow is wind-dominated, then an
increase in the heat load can cause a transition to the buoyancy-
dominated ﬂow regime, but with a decrease in the heat load, the
ﬂow always remains in the wind-dominated regime. In contrast,
they showed that if the ﬂow is initially buoyancy-dominated, then
with either a decrease or increase in the heat load, the ﬂow remains
in the buoyancy-dominated regime. Secondly, they showed that if
the ﬂow is buoyancy-dominated, then with a sufﬁciently rapid
increase in the wind speed, there may be a transition to the wind-
dominated regime, whereas with a more gradual increase in the
wind speed, the ﬂow remains in the buoyancy-dominated regime.
This transition is therefore distinguished by its dependence on the
rate of change of the wind forcing. Finally, they also showed that if
the building is in thewind-dominated regime, and thewind forcing
decreases sufﬁciently, then there will be a transition to the buoy-
ancy-dominated regime. (Also, if the building is in the buoyancy
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showed that the ﬂow regime remains in the buoyancy controlled
regime.)
In practice, many low energy buildings which deploy natural
ventilation also tend to incorporate large amounts of thermal mass.
It is therefore of interest to understand the effect of slow-response
thermal mass on the non-linear transitions in the air ﬂow which
result from relatively rapid changes in the heat load or wind
forcing. This forms the topic of the present paper.
A key to gain insight into this problem lies in recognition of
the timescales which control different processes. There is the
timescale over which the forcing evolves, tf, the timescale for the
air to ventilate from the building, and hence readjust to a change
in the forcing, ta, and the timescale over which the thermal mass
responds to a change in the air temperature, tm. In buildings with
substantial thermal mass, tm[ta and so we expect the air
temperature to adjust to a change in forcing relatively rapidly.
Over a longer timescale, the thermal mass will then evolve.
Changes in the heat load, or the passage of weather fronts
typically occur over timestfwta  tm, so that the transition time
for the air ﬂow is comparable to the forcing. As a result we expect
that after a relatively fast adjustment of the air ﬂow in response
to a change in the forcing, the thermal mass then effectively
provides a heat load or heat sink which controls the subsequent
adjustment to steady state as the thermal mass itself evolves in
temperature.
In this paper, we focus on the effect of relatively rapid changes in
forcing compared to the timescale of evolution of the thermal mass,
tfwta  tm. We ﬁrst analyse the effect of a gradual change in the
heat load examining how the wind-dominated and buoyancy-
dominated ﬂow regimes may evolve. We then examine the effect of
a gradual variation in the wind forcing and derive a criterion which
determines whether a transition in regime can occur.
In Section 2, we introduce a theoretical model for the coupled
ventilation ﬂow and thermal mass. We then present and test
models for the transient response to changes in heat load
(Section 3) and changes in the wind forcing (Section 4), exploring
the control of the timescale of these changes on the evolution of the
ﬂow. We consider the impact of our results on real buildings in
Section 5 and draw some conclusions.
In contrast to the relatively rapid changes in forcing considered
in this paper, tf  tm, with slower changes to the forcing such that
tf  tm, the thermal mass is able to adjust on a timescale compa-
rable to the change in forcing. In that case, the air and thermal mass
evolve together, and the dynamics of such changes are comparable
to the analysis presented by Lishman and Woods [10].
2. Theoretical model of heat and mass transfer
We consider a building model similar to that shown in Fig. 1,
with two openings of area A, one at a high level on the left face of
the building, and one at a low level on the right face of theFig. 1. Schematic illustrating the wind-dominated and tbuilding. In the model, the wind blows from the left, leading to
a pressure drop across the building, Dpw. We assume there is
a distributed heat source on the base of the building, which leads
to a well-mixed interior. There is also a distributed thermal mass,
which exchanges heat with the interior air. Our model focuses on
the convective heat transfer between the thermal mass and the air
using a bulk model of the thermal mass (cf [4]). Convective heat
transfer between the thermal mass and the interior air is typically
described by a heat transfer coefﬁcient which depends on a variety
of factors, including surface orientation and air properties [1].
Here we consider an idealised problem, and assume the heat
transfer coefﬁcient has constant value f which is representative of
the overall heat transfer rate, and typically around 2.5 Wm2 K1
(cf [4]). The heat exchange between the thermal mass and the
interior air is therefore given by
Ptm ¼ Sf ðDTm  DTÞ (1)
where S is the surface area of the thermal mass, DT is the temper-
ature difference between the interior ﬂuid and the exterior ﬂuid
and DTm is the temperature difference between the thermal mass
and the exterior ﬂuid. The heat balance equation for the air then
takes the form
rCpV
dDT
dt
¼ Q  rCpA*DT
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jDpw  bghDTj
r
s
þ Sf ðDTm  DTÞ
(2)
The ﬁrst term on the right hand side denotes the heating, while the
second term denotes the heat transfer associated with the venti-
lation ﬂow (cf [9]). The ﬁnal term is the heat exchange with the
thermal mass. In the equation, r is the ﬂuid density, Cp is the
speciﬁc heat capacity of the ﬂuid, b is the thermal expansion
coefﬁcient of the ﬂuid, V is the volume of air in the building, h is the
height between openings, and A* is an effective window area
including losses [2]. Also, g is acceleration due to gravity, Q is the
heat load, Dpw is the pressure difference between the openings
associated with the wind, and DT is the temperature difference
between the interior and exterior.
The ﬂow direction is determined by the term inside the square
root: if the wind pressure Dpw is greater than the buoyancy pres-
sure bghDT then the ﬂow will be wind-dominated; otherwise, it is
buoyancy-dominated. Neglecting the effects of any radiative heat
ﬂuxes, then the temperature of the thermal mass primarily evolves
owing to convective heat exchange with the air.
rmCpmVm
dDTm
dt
¼ Sf ðDT  DTmÞ (3)
Here the subscript m indicates a property of the thermal mass.
It is convenient to scale the temperature relative to the initial
steady state buoyancy-dominated ﬂow with no wind and no
thermal mass. This is given byhe buoyancy-dominated equilibrium ﬂow regimes.
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Fig. 2. Thin solid lines show variations of the curve 3(q, F, u)¼ 0 as a function of q, for
three values of the dimensionless heat load F. (i) F¼0.2 (long-dashed), (ii) F¼ 0.2
(short-dashed) and (iii) F¼ 0.6 (dotted), with u¼ 1 and m¼ 1. The thick solid line
corresponds to the curve qm¼ q. The intersections of these lines show the overall
equilibria of the system. In the case (i), the only equilibrium is point A, corresponding
to a wind-dominated ﬂow. In case (ii), B, C and D are all equilibrium solutions, with B
corresponding to a buoyancy-dominated ﬂow, and C and D corresponding to unstable
and stable wind-dominated ﬂow. In case (iii), the only equilibrium is the buoyancy-
dominated ﬂow E.Q0
whereQ0 is the initial heat load. Similarly, we scale thewind forcing
relative to the pressure difference associated with the buoyancy-
dominated ﬂow based on the initial heat load Q0:
uðsÞ ¼
 ﬃﬃﬃ
r
p
Cpc*Aﬃﬃﬃ
2
p
Q0bgh
!2
3
DpwðtÞ (5)
We scale the heat load Q according to the initial heat load Q0, to
give a dimensionless heat load
FðsÞ ¼ QðtÞ
Q0
(6)
The dimensionless time s is given by
s ¼ t
ta
(7)
where ta is the timescale for the air in the room to be replaced by
the buoyancy-dominated ventilation ﬂow based on the initial heat
load:
ta ¼
 ﬃﬃﬃﬃﬃ
Cp
p
rV
3
2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bghQ0
p
A*
!2
3
(8)
The ratio of the convective heat exchange between the air and the
thermal mass and the heat ﬂux associated with the ventilation is
given by
m ¼ Sf
rbghQ0C2pA*2
1=3 (9)
Finally the thermal mass parameter
G ¼ rCpV
rmCpmVm
m 1 (10)
represents the ratio of the heat capacity of the air to that of the
thermal mass,. Equivalently this represents the ratio of the time-
scale for the air to adjust to a change in forcing compared to the
timescale for the thermal mass to respond.In dimensionless form,
the governing Eqs. (2) and (3) then reduce to the form
dq
ds
¼ 3ðqðsÞ;uðsÞ;FðsÞÞ (11)
where
3ðq;u;FÞ ¼ F q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ju qj
q
 mðq qmÞ (12)
and
dqm
ds
¼ Gðq qmÞ (13)
We now investigate how the air temperature varies with
changing wind forcing and heat loading in a building according to
the model. We note that the system is in overall equilibrium if and
only if both q¼ qm (Eq. (13)) and 3(q, u, F)¼ 0 (Eq. (11)). The key to
our analysis lies in the non-linearity of the function 3(q, u, F) as
given by Eq. (12).
3. Time dependent heat load
We ﬁrst examine the effect of smooth changes in the heat load
from F¼ 1 to F¼F1 of the formFðsÞ ¼ 1þ ðF1  1Þð1þ tan hðlsÞÞ
2
(14)
(i.e. a smooth change from F¼ 1 to F¼F1) where l¼ ta/tf is the
ratio of ta, the timescale required for the air to be replaced through
ventilation and hence to adjust to the change in forcing, compared
to tf, the timescale over which the forcing changes. This form of the
change in heat load may correspond to the arrival or departure of
an audience in an auditorium for example. In the limit G l 1,
the change in forcing is slow compared to the response timescale
for the air but fast compared to the thermal mass. In this limit, we
expect that on the dimensionless timescale 1/l, the air will
continually adjust to the new forcing, following the equilibrium
curve 3(q, u, F)¼ 0 (see Eq. (12)). In the opposite limit, l[1, the
change in forcing is rapid compared to the response time of the air,
and so the air temperature will only change on a timescale
sw1[1=l. In both cases, the thermal mass will then evolve on the
longer timescale sw1=G.
To understand the nature of the transitions in the ﬂow, it is
useful to examine the (q, qm) phase space (cf [13]), and to investi-
gate the system equilibria. We note again that the overall equilibria
correspond to the points where the curves q¼ qm and 3(q, u, F)¼ 0
coincide. This requires that
F q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ju qj
q
¼ 0 (15)
If F< 0 or F> 2(u/3)3/2, then this equation has only one solution,
whereas for 0<F< 2(u/3)3/2, the equation has three solutions [10].
As a result, three different situations arise, as shown by the three
broken lines in Fig. 2. The curve 3¼ 0 is shown for three different
values of F (F¼0.2, shown as a long-dashed line and marked as
case (i); F¼ 0.2, shown as a short-dashed line and marked as case
(ii); and F¼ 0.6, shown as a dotted line and marked as case (iii)).
For this plot, u¼ 1 and m¼ 1. The heavy solid line is the curve
q¼ qm. The points of intersection of these lines represent the
possible equilibria for each given value of F. As expected, we see
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three equilibria exist, marked B, C, and D; and in case (iii), only one
equilibrium exists, marked E. The region q<u represents the wind-
dominated region, while the region q>u represents the buoyancy-
dominated region [10]. The equilibria at A, C and D are therefore
wind-dominated; those at B and E are buoyancy-dominated. Also,
the section of the 3¼ 0 curvewith a negative gradient represents an
unstable regime, and so the solution at C is an unstable wind-
dominated solution.
3.1. Transitions from the wind driven ﬂow
If the initial ﬂow is an equilibrium wind-dominated regime,
then an increase in the heat load can lead to three different types of
transient adjustment, depending on the magnitude of the increase
in heat load. We illustrate each of these in turn.
First, a small increase in the heat load, such that
F1 < 2ðu=3Þ3=2 (16)
will lead to an increase in the temperature of the wind-dominated
equilibrium regime (Fig. 3a), with the solution following the path
A–B–C. Since the thermal mass has a relatively long response time,
the air temperature will initially adjust to the new equilibrium
curve 3¼ 0 (for example, path A–B, Fig. 3a) and then the thermal
mass will gradually heat up to the new equilibrium solution (path
B–C, Fig. 3a). This transition is further illustrated in Fig. 3b, inwhich
both the heat load and the interior temperature are plotted as
a function of time for two values of l.
A larger increase in the heat load will lead to a transition from
the wind-dominated regime to the buoyancy-dominated regime.
The nature of this transition depends on the magnitude of the heat
transfer to the thermal mass, compared to the increase of the heat
ﬂux. There is no equilibriumwind-dominated regime following the
increase in heat ﬂux, but because of the difference in the timescales
of temperature response of the air and thermal mass, there is an
initial phase in which the air heats up while the thermal mass
remains close to the initial temperature. The mass then acts as
a heat sink.
If this heat sink is sufﬁciently large, then following an increase in
the air temperature, a new quasi-steady wind-dominated regime
can become established, in which the relatively cold thermal mass
balances the increased heat ﬂux. However, in this phase theθ m
θ
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Fig. 3. a. Illustration of the adjustment of the room temperature q and the thermal mass te
dominated ﬂow C following an increase in the heat load from F¼ 1 to F¼ 1.8. The curves sh
dimensionless time s as the heat load increases for the case of slow (solid line; l¼ 0.1) andthermal mass gradually heats up, and so eventually it is unable to
balance the higher heat load, leading to a further, rapid transition in
the temperature of the air to the buoyancy-dominated regime. This
is then followed by a further slow transition of the thermal mass
temperature to the ﬁnal equilibrium.
Alternatively, if the increase in heat ﬂux is large, there is no
transitional wind-dominated regime supported by the relatively
cold thermal mass. Instead there is a direct transition to the
buoyancy-dominated regime.
In order to determine which of these two evolutions will occur,
we can examine themaximum of the curve 3¼ 0 in the regionF<u
(this coincides with the point marked C on Fig. 4a). We call this
maximum value of the curve in this range 3m. If
F1 > 2ðu=3Þ3=2 (17)
and 3m> q0, then the thermal mass is sufﬁciently large to provide
a temporary buffer, and the transition will occur as illustrated in
Fig. 4a. First, the temperature of the air increases along path A–B on
a dimensionless timescale O(1). The thermal mass then acts as
a heat sink and a new temporary wind-dominated regime develops
as the system evolves along the path B–C on a timescale O(1/G).
However, as the thermal mass heats up to the critical value 3m, the
heat sink becomes insufﬁcient to sustain the temporary wind-
dominated quasi-equilibrium. At this point, the air temperature
adjusts along the path C–D, over a timescale of O(1), until reaching
the buoyancy-dominated branch of the curve. Subsequently, the
thermal mass and air continue towarm up along the path D–E, over
a timescale 1/G, until reaching the buoyancy-dominated equilib-
rium. The temperature evolution is shown as a function of time, for
two different values of l in Fig. 4b. This transition is of interest since
it involves two phases of relatively rapid evolution of the air
temperature, each followed by a phase of relatively slow evolution,
as the mass warms up.
Alternatively, if 3m< q0, the thermal mass does not provide
sufﬁcient buffering to create a temporary wind-dominated regime.
In this case, the system evolves directly to the buoyancy-dominated
regime, as shown in Fig. 5a. First the temperature of the air
increases along the path A–B from the initial wind-dominated ﬂow
to the buoyancy-dominated ﬂow regime. Subsequently, the
thermal mass warms up to the new equilibrium temperature along
the path B–C, with the air temperature being directly coupled to
that of the thermal mass. The evolution is shown as a function of0.6
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mperature, qm, from the equilibrium wind-dominated ﬂow A to the equilibrium wind-
ow 3(q, F, u)¼ 0 with u¼ 3 and m¼ 1. b. Variation of the temperature of the air q with
fast (dashed line; l¼ 10.0) changes in forcing compared to the air change time.
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Fig. 4. a. Illustration of the adjustment of the room temperature q and the thermal mass temperature qm from the equilibriumwind-dominated ﬂow A to the equilibrium buoyancy-
dominated ﬂow E, following an increase in the heat load from F¼ 1 to F¼ 2.4 (with u¼ 3 and m¼ 1). Since the thermal mass responds more slowly than the air, the adjustment
evolves through the discrete stages AB in which the air temperature increases relatively rapidly, followed by a gradual increase in the thermal mass temperature along path BC. This
is then followed by a transition in the air temperature from the wind-dominated to the buoyancy-dominated solution branches along path CD. Finally, the thermal mass heats up
along DE to the new equilibrium regime. b. Variation of the temperature of the air as a function of time, for the case of both a rapid (l¼ 0.1, dashed) and a slow (l¼ 10, solid) change
in the heat load relative to the timescale for the air temperature to change. The points ABCDE on Fig. 4a are shown on this ﬁgure to illustrate the evolution of the temperature
in time.
B. Lishman, A.W. Woods / Building and Environment 44 (2009) 762–772766time, again for two values of l, in Fig. 5b. This transition differs from
the previous case in that there is no intermediate phase of rapid
change in air temperature, but instead as the heat load changes,
there is a fast adjustment and then slow adjustment (Fig. 5b), as in
the ﬁrst case we considered (Fig. 3).
In Fig. 6 we illustrate how the nature of the regime change
(Fig. 3, 4 or 5) differs depending on the magnitude of the ﬁnal
thermal load F1 and the wind forcing u, according to the criteria
(Eq. (16) and the deﬁnition of 3m) above. Regions are labelled
indicating whether the adjustment to the ﬁnal equilibrium involves
either (i) just one rapid transient followed by a slow adjustment of
the thermalmass to equilibrium, or (ii) one rapid transient followed
by a slow adjustment of the thermal mass followed by a second
rapid transient, during which there is a change of ﬂow regime, and
a ﬁnal slow adjustment of the thermal mass.0
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Fig. 5. aIllustration of the adjustment of the air temperature q and the thermal mass te
equilibrium C, with the air temperature increasing relatively rapidly along the path AB, an
increases from F¼ 1 to F¼ 4. The two curves correspond to the relation 3(q, F, u)¼ 0 with u
and heat load with time for the case shown in Fig. 5a. The dashed lines correspond to l¼3.2. Transitions from the buoyancy dominated ﬂow
Analogous transitions in the ﬂow regime occur if the ﬂow is
initially in the buoyancy-dominated regime and the heat load is
decreased. The critical heat load at which the buoyancy-dominated
regime ceases to occur is F1¼0. For F1>0, the ﬂow readjusts but
remains in the buoyancy-dominated regime (Fig. 7a). As F1
decreases to negative values, the minimum value of F1(<0) for
which there are two distinct phases of slow cooling is jF1j ¼ F* ¼
mðu q0Þ (Fig. 7b). If F1<F*, then there is a direct adjustment of
the air temperature from the buoyancy-dominated ﬂow to the
wind-dominated ﬂow (Fig. 7c). The regime diagram corresponding
to these transitions is shown in Fig. 8. This is a direct complement to
Fig. 6, which illustrates conditions under which transitions from
the wind to the buoyancy-dominated regime occurs.0
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Fig. 6. Summary diagram illustrating the critical value for the ﬁnal heat load as
a function of the dimensionless wind forcing such that the response of the tempera-
ture involves either a rapid and then slow phase (e.g. Fig. 5) or two interleaved rapid
and slow phases (e.g. Fig. 4). Small increases in the heat load lead to adjustments from
the initial wind to a new wind solution, while larger increases in the load lead to the
transition from the wind to the buoyancy regime. The ﬁgure also illustrates the
conditions under which the transition involves two phases of fast then slow evolution
of the temperature (e.g. Fig. 4), and in which the transition involves one cycle of slow–
fast interleaved adjustment. Even larger increases in the heat load lead to a simpler
adjustment to the buoyancy solution, as illustrated in Fig. 5b. The curves are plotted
here for m¼ 1.
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The above discussion illustrated the impact of changes in the
heat load on natural ventilation ﬂows which are inﬂuenced by both
buoyancy and wind. We now examine how changes in the intensity
of the wind may lead to transitions in the ﬂow regime. We retain
the same scalings as in Section 3, so that F¼ 1 and we explore how
a wind forcing of the form
uðsÞ ¼ u0 þ ðu1  u0Þ ðtan hðlsÞ þ 1Þ=2 (18)
(i.e. a smooth change from u¼u0 to u¼u1) changes the ﬂow.
Following the work of Lishman and Woods [10], we expect that in
this case the rate of change of the forcing may have an important
effect onwhether there is a transition in the ﬂow regime associated
with an increase in the wind forcing, and we explore this below.
As in Section 3, we focus on the case in which the timescale for
the transition is much shorter than the timescale for the thermal
mass to evolve. This may correspond to a change in wind forcing
associated with a passing weather front, for example. We examine
both the cases in which the timescale for the change is longer than
or shorter than the timescale for the air temperature to adjust to the
new forcing. Fig. 9 illustrates the curve 3(q,F, u)¼ 0 for three values
of u: u¼ 0.4 (marked (i), long-dashed); u¼ 0.6 (marked (ii), short-
dashed); and u¼ 1 (marked (iii), dotted). In all cases m¼ 1. The
equilibrium solutions correspond to the point for which q¼ qm as
well as 3(q, F, u)¼ 0. In each case there is an equilibrium buoyancy-
dominated ﬂow regime. If the wind forcing u satisﬁes u< 3/22/3
w 1.89 as in curve (i) (Fig. 9), then there is only this buoyancy-
dominated equilibrium solution (B). If the wind forcing is larger, so
that u> 3/22/3, then a stable and unstable wind-dominated ﬂow
become possible, shown as points SW and UW on Fig. 9, as well as
the buoyancy-dominated solution, now shown as point D.
We now examine how the ﬂow regime may evolve as the wind
forcing either increases or decreases. We ﬁrst focus on transitionsfrom the buoyancy to thewind regimewhich are associatedwith an
increase in the wind forcing, but which, as shown in Lishman and
Woods [10], also depend on the rate of change of the wind forcing.
We then examine transitions from the wind to the buoyancy
regime, associated with a decrease in the wind forcing.
4.1. Transitions from the buoyancy to wind-dominated regime
If the system is originally in the buoyancy-dominated ﬂow
regime, then the overall increase in the wind forcing has an
important control on any transition in the ﬂow. Consider ﬁrst
a relatively small increase in thewind, such as that fromu¼ 0.4 and
beginning at point B on Fig. 9, to u¼ 0.6. The temperature q of the
original buoyancy-dominated solution (B on curve i, Fig. 9) is in fact
greater than the temperature of the unstable wind solution at the
higher wind (point labelled US, on curve ii, Fig. 9). In this case,
the interior and thermal mass temperatures will slowly evolve to
the new buoyancy-dominated solution at a higher temperature and
a transition to the wind regime is not possible.
In contrast, if thewind increases sufﬁciently (e.g. from u¼ 0.4 to
u¼ 1: curve (i) to curve (iii) on Fig. 9), it may be that the unstable
wind-dominated solution (UW on curve iii, Fig. 9) has a higher
temperature than the initial temperature of the system associated
with the buoyancy regime (B on curve i, Fig. 9). In this case the
system may either remain on the buoyancy regime if the change in
the forcing is slow, or, if the wind forcing increases sufﬁciently
rapidly, then the system will evolve to the stable wind-dominated
solution (cf [10]).
This rate dependence may be seen from a different perspective
in Fig. 10, in which we illustrate the relationship between the
interior temperature and the wind forcing during the initial tran-
sition in the ﬂow regime, as the wind forcing evolves but the
temperature of the thermal mass remains at (or very close to) its
original value. Two temperature evolutions, shown as bold lines,
are superimposed on an equilibrium diagram in q, u space. The
upper solid curve on the equilibrium diagram denotes the stable
buoyancy-dominated ﬂow regime, while the lower solid curve
denotes the stable wind-dominated ﬂow regime. The intermediate
dashed line represents the unstable wind-dominated ﬂow regime.
Each of these curves satisfy 3(q, F, u)¼ 0 when q¼ qm. We see from
Fig.10 that the initial evolution of the interior temperature depends
on the rate of change of the wind forcing. Temperature evolutions
are shown are given for a slowly changing wind forcing (l¼ 0.1)
and a more rapidly changing wind forcing (l¼ 1.0); in both cases
the magnitude of the increase is the same (u¼ 1 to u¼ 2.8). With
the slowly changing wind (l¼ 0.1) the solution remains buoyancy-
dominated and adjusts to a new buoyancy-dominated equilibrium
as the wind increases. Over a longer timescale, as the thermal mass
temperature adjusts to a new equilibrium, the system will remain
buoyancy-dominated. With the more rapidly changing wind
forcing (l¼ 1), the temperature falls below the temperature of the
unstable wind-dominated ﬂow regime. The ﬂow then evolves to
the stable wind-dominated regime. Over a longer timescale, the
thermal mass temperature will then adjust to the equilibrium
wind-dominated ﬂow regime temperature.
Fig. 11 illustrates how the ﬁnal state is also dependent on the
magnitude of the increase in wind. If the increase in the wind
forcing is sufﬁcient, then the cusp on the curve 3(q, F, u)¼ 0 may
increase to temperatures greater than the original temperature of
the building. This corresponds to the wind forcing exceeding the
wind forcing associated with point D on Fig. 10. In this case, there is
no buoyancy-dominated ﬂow regime with the new wind forcing
while the thermal mass temperature remains close to the original
temperature of the system. Therefore, there is a transition to the
wind-dominated regime as a result of the change in wind forcing.
Subsequently, the temperature of the thermal mass evolves to the
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Fig. 7. aIllustration of the transition in the room temperature q and thermal mass temperature qm from a buoyancy-dominated regime A to another buoyancy-dominated regime, C
following a decrease in the heat load. The ﬁgure shows that the solution evolves along the path AB and then BC. In the ﬁgure, we also show the curve 3(q, F, u)¼ 0 with u¼ 1 and
m¼ 1 and F¼ 1 and F¼ 0.6. b. Illustration of the transition in the room and thermal mass temperatures from the buoyancy-dominated regime A to the wind-dominated regime E as
the heat load decreases from value F¼ 1 to F¼ 0.2. Owing to the non-linearity of the equilibrium curve 3(q, F, u)¼ 0, with u¼ 1, m¼ 1 and F¼ 1 and 0.2, the transition involves
both rapid adjustments of the air temperature along the paths AB and CD and then slow adjustments of the thermal mass temperature along the paths BC and DE. c. Illustration of
the transition in the ﬂow regime as the heat load increases from the curve 3(q, F, u)¼ 0 with F¼ 1 to the curve 3(q, F, u)¼ 0 with F¼0.6.
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wind forcing (l¼ 0.1) there may be a transient period in which the
interior temperature increases as thewind forcing increases towards
point D (curve l¼ 0.1, Fig.11; cf curve l¼ 0.1, Fig.10); however as the
wind forcing increases beyond the value associatedwith point D, the
system cools down to the wind-dominated solution. With a more
rapid increase in the forcing, l¼ 1, the temperature decreases below
the unstable wind-dominated ﬂow regime before the wind forcing
has increased to the value associated with point D (curve l¼ 1.0,
Fig. 11; cf Fig. 10, curve l¼ 1.0). As the wind forcing continues to
increase, the temperature then falls back towards the stable wind-
dominated solution. Although the temperature may not decrease
monotonically from the original value to the ﬁnal value as the wind
increases, the magnitude of the increase in temperature, prior to
adjusting to the ﬁnal cooler value, becomes smaller as the rate of
change of the wind forcing increases (Fig. 11).
These transitions in the ﬂow regime present some very inter-
esting challenges for the effective control of natural ventilation
since the initial transient increase of the temperature does not
reﬂect the subsequent cooling. Indeed, we have established that
with a thermally massive building with very slow-responsethermal mass, there is a maximumwind forcing for which the ﬂow
can remain in the buoyancy regime. With an increase in the wind
forcing to a value smaller than this, the rate of change of the wind
forcing determines whether the ﬂow remains in the buoyancy
regime or if there is a transition to the wind-dominated regime. In
Fig. 12, we capture these different conditions for a transition in the
ﬂow regime with a diagram in which we show the ﬁnal wind
forcing (u1) and the initial wind forcing (u0), and we illustrate three
lines delineating the critical conditions for a transition in the ﬂow
regime from the buoyancy to the wind-dominated regimes (here
the lines are plotted for the case m¼ 1, and we assume the thermal
mass is extremely large). These lines correspond to a theoretical
instantaneous change in wind forcing, l/N, a ﬁnite rate change
of wind forcing l¼ 1 and a very slow rate of change of the wind
forcing, l 1, but still faster than that of the thermal mass, l[G.
For ﬁnal wind speeds which lie below the curves, the ﬂow remains
in the buoyancy regime, whereas with ﬁnal wind speeds in excess
of the curves, there is a transition to the wind-dominated regime.
As may be seen, the critical increase in wind speed required to
cause such a transition is larger for very slow changes to the wind
forcing.
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ﬂow regime to another (1 step B–B, Fig. 7a), to the more dramatic transition from the
buoyancy regime to the wind-dominated regime involving two interleaved slow–fast
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illustrated in Fig. 7c. The dotted curve is for the case m¼ 1.
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A decrease in the wind strength can lead to a transition from the
wind to the buoyancy ﬂow regime. However, there is no depen-
dence of this transition on the rate of change of the wind forcing,
a result which is consistent with the results of Lishman and Woods
[10] for thermally lightweight buildings.0
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Fig. 9. Illustration of the variation of the curve 3(q, F, u)¼ 0 as a function of q for the
case m¼ 1 for (i) u¼ 0.4; (ii) u¼ 0.6 and (iii) u¼ 1. The thick solid line corresponds to
the curve qm¼ q. The equilibrium solution for case (i) is a buoyancy-dominated ﬂow
labelled B, whereas for cases (ii) and (iii), which have larger wind forcing, there are
both stable and unstable wind-dominated solutions, as well as the buoyancy-domi-
nated solution. In case (ii), the value of qm at which the buoyancy and wind-dominated
solution branches of the curve 3(q, F, u)¼ 0 coincide is smaller than the buoyancy-
dominated solution on curve (i). In contrast, in case (iii), this point occurs for a larger
temperature, and so there is only one value of q for which the thermal mass has the
same temperature as the equilibrium solution B of curve (i).In Fig. 13a, we illustrate a transition in which the wind forcing
decreases a small amount in excess of that required for the wind-
dominated ﬂow to exist, u¼ 3/22/3, and the ﬂow therefore evolves
along the path AB on the timescale required for the air to heat up.
Subsequently, there is a slow increase in temperature as the
thermal mass heats up, along the curve 3(q, F, u)¼ 0 to the point C,
at which the wind-dominated ﬂow ceases to exist. The air0
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Fig. 11. Illustration of the change in temperature as a function of the change in the
wind forcing for the case in which the ﬁnal value of the wind forcing is greater than the
value associated with the point D. With a small value of l, l¼ 0.1, the temperature
follows the buoyancy-dominated solution branch until reaching a point close to D and
then the temperature decreases towards the wind-dominated solution branch as the
wind further increases. With a larger value of l, l¼ 1.0 the temperature evolves away
from the buoyancy-dominated solution as the wind forcing increases, and the
temperature then converges towards the wind-dominated equilibrium solution.
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Fig. 12. Variation of the ﬁnal wind speed, as a function of the initial wind speed, for
which there is a change in regime from the buoyancy to the wind-dominated ﬂow. The
upper curve corresponds to the case in which the wind forcing increases very slowly,
l/ 0, the dotted line corresponds to the case in which l¼ 1 and the lower solid line
corresponds to the case in which l/N so that the wind changes almost instantly. The
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B. Lishman, A.W. Woods / Building and Environment 44 (2009) 762–772770temperature then adjusts to the value at point D, again on a fast
timescale given by the time required for the air to heat up.
Subsequently, the ﬂow adjusts to the equilibrium point E. This is
analogous to the transition shown in Fig. 4.
In contrast, the transition is different if the wind increases to
a sufﬁciently large value that the 3m, marked M (Fig. 13b) is smaller
than the initial equilibrium temperature, q0, given by point A
(Fig. 13b). In this case, there is an initial increase in the air
temperature to point B (Fig. 13b) on the buoyancy-dominated
branch of the ﬂow regime. Subsequently, the thermal mass and the
air temperature gradually increase to the ﬁnal equilibrium
temperature given by point C on Fig. 13b. This is analogous to the
transition shown in Fig. 5.0
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Fig. 13. aIllustration of the evolution of the temperature q and thermal mass temperature qm
point B on the new equilibrium curve 3(q, F, u)¼ 0 as the wind changes from u¼ 2.2 to u¼ 1
to point C at which point there is a fast transition in the temperature q from the wind-d
temperature then continues to increase slowly towards the ﬁnal buoyancy-dominated equili
temperature qm in the case that the wind decreases substantially (from u¼ 2.2 to u¼ 1.4 w
point B through heating of the air temperature q. Then there is a slow increase in the therFig. 14 is a regime diagram which shows the nature of the
transition between regimes in u0, u1 space. From this plot we can
determine the nature of the transition which will occur under
a given rapid increase in wind.5. Relevance to building scale processes
We now investigate how the predictions of this study might
apply to a real building using a very simple model calculation.
Consider an open plan ofﬁce, theatre or classroom of dimensions
8 m 8 m 5 m. The space has two ventilation openings: one at
ground level on the downwind face, and one at a height of 5 m on
the upwind face. Both openings have effective openings area 1 m2.
There is a heat load in the space of 2 kW, representing, perhaps, 20
people. Awind pressure difference of 1 Pa acts between the upwind
and downwind openings, corresponding to an external wind speed
of w2–3 m s1. 60 m2 of the ceiling is covered in exposed thermal
mass, corresponding to a value of 150 for Sf. Fig. 15 shows how the
temperature in the building relative to the exterior may vary,
assuming the building temperature initially equals the exterior
temperature and is ventilated in a wind-dominated mode, and that
the heat load associated with the activity in the building builds up
to 2 kW over a period of 30 min. For simplicity, we assume that the
ﬂuctuations in the external temperature are relatively small over
the timescale being modelled. We also focus here on the interior
temperature as a measure of comfort: however, the changes in
regime may bring uncomfortable ventilation rates as well as
temperatures.
The ﬁgure shows three separate cases. In the ﬁrst case, marked
by solid lines, G¼ 10m: the thermal mass stores ten times less heat
than the interior air. This case corresponds to a very lightweight
building. Here, the building temperature increases almost linearly
over the ﬁrst hour following the start of the forcing, with little
distinction between the transitions along the regime and between
regimes, and then remains constant. This strategy has the
advantage of simplicity, although it does little to maintain a cool
interior.
The second case, shown by dashed lines and corresponding to
G¼ 0.1m, is the most problematic. This case corresponds to anA B
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following a decrease in the wind. The temperature q initially decreases from point A to
.8, with F¼ 1 and m¼ 1. The temperature of the thermal mass then gradually increases
ominated solution to the buoyancy-dominated solution branch D. The thermal mass
brium state E. b. Illustration of the evolution of the temperature q and the thermal mass
ith F¼ 1 and m¼ 1). In this case, the original wind-dominated ﬂow A evolves towards
mal mass temperature towards the ﬁnal equilibrium point C.
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Fig. 14. Regime diagram illustrating the transitions in ﬂow regime from the wind-
dominated ﬂow which occur as a function of the decrease in the wind forcing from
value u1 to value u2. The ﬁgure indicates whether the change in regime occurs as
a rapid evolution of the interior temperature followed by a slow evolution of the
thermal mass, or if there are two phases of rapid and slow evolution of temperature, as
occurs in Fig. 13a. The lines delineating the different regimes correspond to the case
m¼ 1.
B. Lishman, A.W. Woods / Building and Environment 44 (2009) 762–772 771intermediate amount of thermal mass. Here, the building temper-
ature appears to be levelling out at around 6 C warmer than the
exterior, until suddenly the ﬂow regime changes to the buoyancy
regime and the buildingwarms rapidly after around 3 h. This case is
difﬁcult to predict or control, since slight variations in conditions
will change the time at which the ﬂow regime changes. This case is
also likely to cause occupant discomfort, as the temperature rapidly
changes from its established level.0
2
4
6
8
10
12
0 2 4 6 8 10
I
n
t
e
r
i
o
r
 
-
 
e
x
t
e
r
i
o
r
 
t
e
m
p
e
r
a
t
u
r
e
 
d
i
f
f
e
r
e
n
c
e
 
(
º
C
)
Time / hours
Fig. 15. Illustration of the evolution of the interior temperature as a function of
a change in the heat load for the cases in which the rate of change of the wind is slow
(solid lines) and fast (dashed lines) relative to the timescale for the evolution of the air
temperature. The unmarked curves represent interior temperatures, and the triangle
marked curves represent thermal mass temperatures, for three cases: (1) a lightweight
building, with G¼ 10m, shown as a solid line; (2) an intermediate case, with G¼ 0.1m,
shown as a dashed line, and (3) a heavyweight building, for which G¼ 0.01m, shown as
a dotted line.The third case, shown by dotted lines and corresponding to
G¼ 0.01m, represents a very heavyweight building. Here, the
thermal mass provides sufﬁcient buffering to the system that the
building ﬂow regime does not change over the course of the day.
This case is relatively simple to control, and provides the most
buffering against the warm exterior. Building designers aiming for
this control strategy should take care to incorporate sufﬁcient
thermal mass that the building remains in the wind-dominated
regime and the second case does not occur.
6. Conclusions
This paper has considered how the transient adjustment of
natural ventilation ﬂows occur in a thermally massive building as
the heat load or wind forcing gradually change. Flows in which
wind and buoyancy forcing inﬂuence the natural ventilation are
explored. The evolution of the system is found to be controlled by
two timescales, a short timescale corresponding to the adjustment
of the ventilation ﬂow and a long timescale corresponding to the
adjustment of the thermal mass. For pure buoyancy-dominated
stack ventilation, if there is an increase or decrease in the heat load,
then the thermal mass acts as an additional slowly varying heat
load on the overall thermal budget which controls the ventilation
ﬂow. As a result, there is a rapid adjustment of the ﬂow when the
heat load is changed, and then a slow adjustment of the thermal
mass to a new equilibrium.
When the non-linear interaction between buoyancy forces and
an opposing wind-dominated forcing controls the ﬂow, the
problem becomes more complicated. For some heat loads there are
both wind- and buoyancy-dominated ﬂow regimes possible, while
with larger heat loads only the buoyancy-dominated regime
persists. If the heat load is increased, then the effect of thermal
mass is to modify the heat load which controls the ﬂow. As the
thermal mass temperature slowly evolves so does the ﬂow rate, and
in some cases the ﬂow regime. Indeed, if the initial temperature of
the thermal mass is sufﬁciently low, then following the increase in
the heat load, the ﬂowmay initially remain in the wind-dominated
regime, but with a rapid adjustment of the ﬂow to the new heat
load. However, as the thermal mass then slowly heats up, the wind-
dominated ﬂow regime may cease to be possible, and there will be
a second rapid adjustment to the buoyancy-dominated ﬂow regime
followed by a ﬁnal adjustment to the equilibrium buoyancy-
dominated ﬂow regime.
When the wind forcing increases the magnitude and rate of
change of the forcing also becomes important. There may be
a transition from the buoyancy-dominated to the wind-dominated
regime as long as either (i) the wind forcing increases sufﬁciently
rapidly (Fig. 10) or (ii) the increase in wind forcing is sufﬁcient
(Figs. 11 and 12). This latter transition is distinct from the transi-
tions which occur in buildings with lower thermal mass (cf [10]), in
which there is a minimum rate of increase of the wind forcing in
order to cause a transition from the buoyancy to the wind regime.
We have also shown that, as for a lightweight building, if the wind
forcing decreases below a critical value, then wind-dominated
solution ceases to exist, and there will be a transition to the
buoyancy-dominated regime. Again, as with changes in the heat
load, this may involve a complex time evolution of the interior
temperature with either one or two phases of fast adjustment in
temperature, each followed by a more gradual change associated
with the evolution of the thermal mass.
The transitions in the interior temperature, which can occur
over short or long timescales and which may occur some time
subsequent to a change in the heat load or change in wind forcing,
may present considerable problems for the control of natural
ventilation and the associated regulation of the interior tempera-
ture. In particular, the rapid jumps in temperature may take
B. Lishman, A.W. Woods / Building and Environment 44 (2009) 762–772772a building outside the comfort zone in some cases. The thermal
mass can then buffer the subsequent evolution of the air temper-
ature, but the existence of different quasi-steady states may lead to
ventilation rates outside the satisfactory domain of operation. In
turn this may then require the system to change the size of the
ventilation openings to restore the ﬂow rate to comfortable
conditions. The requirements for comfort in both temperature and
ventilation rate may lead to particularly complex challenges in
thermally massive buildings. We are presently developing strate-
gies to mitigate these non-linear effects of thermal mass on the
evolution of the interior temperature and ventilation rate of
a naturally ventilated building.
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